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Kit ligand (KL), a product of granulosa cells in ovarian follicles, is a putative regulator of oocyte development. However, the
factors that regulate KL mRNA levels in granulosa cells remain unclear. This study tested the hypothesis that oocytes
regulate granulosa cell steady-state KL mRNA expression levels and that the characteristics of this regulation are dependent
on the stage of growth and development of both oocytes and follicles. Levels of mRNA for the KL splice variants (KL-1 and
KL-2) were shown to be high in granulosa cells from preantral follicles and then decline after follicular antrum formation.
Preovulatory follicular development was associated with a dramatic increase in steady-state levels of KL-1 mRNA in mural
granulosa but not cumulus cells. Regulation of these changes was examined in vitro using partly grown oocytes isolated
from preantral follicles and fully grown oocytes isolated from preovulatory follicles. FSH increased the steady-state KL
mRNA levels in preantral granulosa cells in vitro. Partly grown oocytes either increased or decreased KL mRNA levels in
reantral granulosa cells depending on the absence or presence of FSH stimulation, respectively. Fully grown oocytes
educed the KL mRNA level in preantral granulosa cells and increased the ratio of KL-1 to KL-2 mRNA. In mural granulosa
ell culture, FSH augmented testosterone-dependent elevation of the steady-state KL mRNA level, but had no effect alone.
ully grown oocytes reduced KL-2 but not KL-1 mRNA levels in mural granulosa cells treated with testosterone plus FSH,
hereas fully grown oocytes reduced levels of both KL transcripts in cumulus cell culture. These effects of oocytes on
teady-state KL mRNA expression levels in vitro explain the changes in granulosa cell KL mRNA levels observed during
ollicle development in vivo. The results therefore support the hypothesis that oocytes regulate granulosa cell kit ligand
RNA levels in a way that is characteristic of the stage of growth and development of the oocyte. Moreover, the results
uggest that oocytes play a major role in promoting dynamic changes in gene expression by granulosa cells appropriate to
he stage of follicular development. © 1999 Academic PressKey Words: oocyte; kit ligand; granulosa cells; FSH; testosterone; follicle; ovary; mouse.
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Growth of ovarian follicles is characterized not only by
an increase in the number of somatic cells but also by a
considerable increase in the complexity of the follicular
structure. Changes include the development of a theca cell
layer, formation of a fluid-filled antrum, and differentiation
of the granulosa cell compartment into mural granulosa
cells that form a pseudo-stratified epithelial structure orga-
nized along the antrum side of the basement membrane and
cumulus cells that are intimately associated with the
oocyte. The oocyte also undergoes significant changes dur-
ing follicle development. Oocytes grow from 12 to 20 mm int
m
1 To whom correspondence should be addressed. E-mail:
jje@aretha.jax.org.
342diameter in primordial follicles to the fully grown size of
approximately 80 mm in diameter in large antral follicles
nd acquire competence to resume meiosis, undergo fertili-
ation, and complete preimplantation development; for
eview, see Eppig (1996).
A number of lines of evidence suggest that the somatic
omponents of the follicle contribute to developmental
hanges in the oocyte. For instance, it is well established
hat the oocyte and surrounding granulosa cells maintain
unctional heterologous gap junctions that account for
reater than 90% of the influx of many metabolites into the
ocyte and are essential to oocyte growth; for review, see
chultz (1986). Other evidence of communication between
ollicular somatic cells and the oocyte is provided by reports
hat indicate that the somatic compartment maintains
eiosis-competent oocytes in meiotic arrest before the
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343Oocyte Regulation of Kit Ligand Expressionluteinizing hormone (LH) surge (see, for example, Ra-
cowsky and Baldwin, 1989; Richard and Sirard, 1996). Thus
somatic cells of the follicle appear to play a crucial role in
nurturing the oocyte as well as providing appropriate sig-
naling cues to regulate its maturation.
However, it has become increasingly clear that somatic/
gametic interaction in the follicle also occurs in the reverse
direction. For example, oocytes secrete paracrine signals
that suppress progesterone production by granulosa cells
(Coskun et al., 1995; Vanderhyden et al., 1993; Vanderhy-
den and Tonary, 1995), promote granulosa cell proliferation
(Vanderhyden et al., 1992), inhibit plasminogen activator
production by granulosa cells (Canipari et al., 1995), enable
cumulus cells to produce hyaluronic acid and undergo
cumulus expansion in response to follicle-stimulating hor-
mone (FSH) stimulation (Buccione et al., 1990; Salustri et
l., 1990a; Salustri et al., 1990b; Vanderhyden et al., 1990),
nd suppress LH receptor mRNA expression by granulosa
ells (Eppig et al., 1997). Moreover, recent evidence using
oth recombinant growth differentiation factor-9 (GDF-9)
n vitro and mice not expressing GDF-9 suggests that this
ocyte-specific gene product in the mouse ovary is probably
factor responsible for many of the actions of oocytes in
erms of regulating gene expression in granulosa cells
Carabatsos et al., 1998; Dong et al., 1996; Elvin et al.,
999a, b; Hayashi et al., 1999; McGrath et al., 1995). It is
herefore apparent that the oocyte can exert control over its
omatic cell environment.
Understanding of somatic/gametic interaction has also
een furthered by the demonstration that mutations at the
(white spotting) and Sl (steel) loci result in deficiencies in
ogenesis and folliculogenesis; for review, see Besmer et al.
1993). The W locus encodes the c-kit protooncogene, a
ember of the tyrosine kinase receptor family; while the Sl
ocus encodes the ligand for the c-kit receptor, known
ariously as stem cell factor, mast cell growth factor, and
it ligand (KL). During postnatal ovarian development, c-kit
eceptor mRNA and protein are localized to oocytes at all
tages of follicle development, as well as to ovulated eggs
Horie et al., 1991; Manova et al., 1990; Motro and Bern-
tein, 1993; Orr-Urtreger et al., 1990). In addition, c-kit
eceptor expression is found in interstitial cells and theca
ells of antral follicles (Manova et al., 1990; Motro and
ernstein, 1993). Conversely, KL mRNA expression in
ollicles is localized to granulosa cells in all species so far
tudied (Ismail et al., 1996; Laitinen et al., 1995; Manova et
l., 1990; Motro and Bernstein, 1993; Tisdall et al., 1997). In
ice, expression occurs in granulosa cells at all stages of
ollicle development, although expression is low in primor-
ial follicles and cumulus cells (Manova et al., 1993; Motro
nd Bernstein, 1993).
In normal mice, KL is derived from alternatively spliced
RNA yielding KL-1 and KL-2, both of which are expressed
n the ovary (Manova et al., 1993). KL-1 protein exists
rincipally in soluble form, generated by efficient proteo-
ytic cleavage from a trans-membrane bound precursor,
hile KL-2, which lacks the major proteolytic cleavage site, c
Copyright © 1999 by Academic Press. All rights primarily found in the membrane-bound form, but also
xists in a biologically active soluble form (Huang et al.,
992). Although little is known of the regulation of these
lternative transcripts, the ratio of KL-1 to KL-2 mRNA
iffers between tissues (Huang et al., 1992), between the
varies of mice of different ages (Manova et al., 1993), and
etween the granulosa cells of preovulatory and ovulatory
at follicles (Ismail et al., 1997), thus indicating that the
ranscripts can be differentially regulated. Studies into the
ole of KL have principally focused on soluble KL. In vitro
esults suggest that this form of the ligand may promote
ocyte growth (mouse: Packer et al., 1994), inhibit meiotic
aturation of the oocyte (rat: Ismail et al., 1996, 1997), and
romote the growth and differentiation of theca cells (bo-
ine: Parrott and Skinner, 1997). However, Sl mutations,
hich have either no membrane-bound forms of KL (Sld) or
o KL-1 (SlKL-2), show very different phenotypes (Flanagan et
al., 1991; Tajima et al., 1998), indicating that KL-1 and KL-2
have different roles in vivo and highlighting the importance
of understanding the regulation of expression of these
transcripts when attempting to elucidate the role of
c-kit/KL interaction.
In light of this, the major aims of this study were to
characterize the steady-state expression patterns of KL-1
and KL-2 during follicle development and to identify how
these two transcripts are regulated during this process. The
role of the oocyte was of particular interest since previous
evidence suggests that oocytes stimulate granulosa cell KL
mRNA expression in vitro (Packer et al., 1994), and yet
studies of expression in situ reveal that KL mRNA expres-
sion is low in cumulus compared with mural granulosa
cells (Manova et al., 1993; Motro and Bernstein, 1993).
Evidence reported here indicates that oocytes regulate
steady-state KL mRNA levels in granulosa cells in a way
that is characteristic of the stage of growth and develop-
ment of the oocyte. Moreover, results suggest that oocytes
play a major role in promoting dynamic changes in KL
mRNA levels in granulosa cells appropriate to the stage of
follicle development, but that endocrine and theca-derived
factors also play a role in this regulation.
MATERIALS AND METHODS
Granulosa Cell and Oocyte Isolation and Culture
Oocytes at two stages of development were used. Fully grown,
meiotically competent oocytes, approximately 76 mm in diameter,
were isolated by gentle pipetting of cumulus–oocyte complexes
(COC) collected from the preovulatory follicles of 20-day-old
(C57BL/6J 3 SJL/J)F1 mice that had been primed with 5 IU equine
horionic gonadotrophin (eCG) 44 to 48 h earlier. Partly grown,
eiotically incompetent oocytes, approximately 56 mm in diam-
ter, were obtained from the preantral follicles of 12-day-old mice
s described previously (Eppig et al., 1997).In addition, granulosa cells of three different phenotypes were
ultured: preantral, mural, and cumulus:
s of reproduction in any form reserved.
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344 Joyce et al.1. Preantral granulosa cell culture. Preantral granulosa cell–
oocyte complexes (PAGOC) were isolated from 12-day-old mice by
collagenase digestion (Eppig and O’Brien, 1996), taking consider-
able care to exclude complexes with extraneous thecal/interstitial
tissue. PAGOC were cultured intact, or following removal of the
oocyte (oocytectomy), in 48-well tissue culture dishes (Corning
Inc., Corning, NY) for 48 h. Oocytectomy of PAGOC was under-
taken by passing intact complexes through a glass pipette, the tip of
which was just larger in diameter than that of the oocyte. This
procedure either ruptured the oocyte or stripped it from the
granulosa cell layer, typically leaving the somatic cells in two or
three clumps. Using this technique, approximately 1200 PAGOC
were oocytectomized and separated from any unruptured oocytes
in less than 30 min, representing a considerable saving of time over
microsurgery-based procedures. By 12 h of culture, oocytectomized
granulosa cell clumps reoriented into a near-spherical shape similar
to that maintained by the intact PAGOC. Waymouth culture
medium supplemented with 0.23 mM pyruvic acid, 50 mg/liter
streptomycin sulfate, 75 mg/liter penicillin G (Sigma), 3 mg/ml
bovine serum albumin (BSA; ICN Biochemicals, Aurora, OH), and
ITS (insulin: 5 mg/ml; transferrin 5 mg/ml; selenium 5 ng/ml;
Collaborative Research, Inc., Bedford, MA) was used for culture
of PAGOC.
2. Mural granulosa cell culture. Mural granulosa cells isolated
from 20-day-old mice were cultured in M199 culture medium plus
BSA as described previously (Eppig et al., 1997, 1998).
3. Cumulus granulosa cell culture. COC were isolated from
0-day-old mice that had been primed with 5 IU eCG 44 to 48 h
arlier. COC were cultured in M199 plus BSA as described previ-
usly (Eppig et al., 1997), either intact or following microsurgical
ocytectomy (Buccione et al., 1990).
Granulosa cell cultures were treated with recombinant human
ollicle stimulating hormone (0.0025–0.25 IU/ml; Organon, Oss,
he Netherlands), testosterone (0.01–10 ng/ml; Sigma), recombi-
ant human keratinocyte growth factor (KGF; 50 ng/ml; Promega,
adison, WI), recombinant human hepatocyte growth factor (HGF;
–500 ng/ml; R&D Systems, Minneapolis, MN), mouse epidermal
rowth factor (EGF; 10 ng/ml; Collaborative Biomedical Products)
nd combinations of these hormones as described under Results.
ocyte co-culture experiments used fully grown oocytes at a
oncentration of 1 or 2 oocytes/ml culture medium or partly grown
oocytes at a concentration of 2 or 4 oocytes/ml culture medium.
he concentrations of fully and partly grown oocytes used were
hosen to be comparable on the basis of oocyte volume (Chesnel
nd Eppig, 1995). Culture experiments in which oocytes were
resent were supplemented with 100 mM 3-isobutyl-1-
ethylxanthine (IBMX; Aldrich, Milwaukee, WI) to maintain fully
rown oocytes at the germinal vesicle stage and to provide experi-
ental balance when partly grown oocytes were used. Initial
tudies found no detectable effect of IBMX on KL-1 and KL-2
RNA expression (data not shown).
RNase Protection Assay
The steady-state levels of KL-1 and KL-2 mRNA expression were
assessed by RNase protection assay. The KL probe was generated
from a KL-1 cDNA (kindly provided by Dr. Peter Besmer) linearized
with spe1 (Boehringer Mannheim, Indianapolis, IN). This enzyme
cut 62 bp past an exon boundary that is present in KL-1 and absent
in KL-2, thereby enabling the two transcripts to be identified by
RNase protection assay (Huang et al., 1992). Antisense KL RNA
probe was generated incorporating [a-32P]CTP (New England
Copyright © 1999 by Academic Press. All rightNuclear Research Products, Boston, MA) with SP6 RNA polymer-
ase (Boehringer Mannheim) using MAXIscript kits (Ambion, Aus-
tin, TX). Antisense RPL-19 RNA probe was generated using T7
RNA polymerase and was included in all assays in order to allow
differences in the quantity of mRNA between samples to be
ameliorated mathematically (Eppig et al., 1997; Nakamura et al.,
1990). RNase protection assays were undertaken as described
previously for the detection of LH receptor mRNA (Eppig et al.,
1997). Band intensity following electrophoresis was quantified
using the Fuji phosphorimaging system (Fuji Medical Systems
USA, Stamford, CT). Dose–response studies indicated that KL-1
mRNA and KL-2 mRNA were linearly related to total mRNA at
least across the range of 20 to 400 ng mRNA per sample.
Statistical Analysis
Experiments were repeated independently between three and
seven times. The effect of treatment on KL-1 and KL-2 mRNA
levels was assessed by analysis of variance, with data for the two
transcripts analyzed separately. Since differences in background
density between assays as quantified by the phosphorimaging
system were large, thereby generating a high degree of interassay
variation in average phosphorimaging units, the data for individual
replicates were first normalized so that the mean KL mRNA level
for each replicate was equal to 1. The effect of treatment on the
differential steady-state expression of KL-1 and KL-2 mRNA was
subjected to analysis of variance using the ratio of KL-1 to KL-2
before normalization. When a significant F ratio was defined by
ANOVA, groups were compared using Fisher’s Protected Least
Significant Difference post hoc test.
RESULTS
KL mRNA in Follicles at Different Stages
of Maturity
A preliminary survey of the levels of KL-1 and KL-2
mRNA in granulosa cells from follicles at varying stages of
maturity was undertaken. The KL mRNA levels reflect the
balance of mRNA transcription and degradation (i.e.,
steady-state expression levels) within the pool of sampled
cells. Preantral follicle granulosa cells were isolated from
12-day-old mice and granulosa cells from antral follicles of
increasing size were collected from mice of 15 to 20 days of
age. Mural and cumulus granulosa cells from preovulatory
follicles were obtained from 20-day-old mice injected with
5 IU eCG 44 to 48 h earlier. The results (Fig. 1) indicate that
both KL-1 mRNA and KL-2 mRNA are expressed in granu-
losa cells. However, considerable changes in the total
quantity of KL mRNA and the ratio of KL-1 to KL-2 mRNA
occur during follicle maturation. Steady-state levels of both
KL-1 and KL-2 mRNA are high in preantral follicles with a
rapid decline in both transcripts in the antral follicles of 15-
and 18-day-old mice. In the antral follicles of unprimed
20-day-old mice, both KL-1 and KL-2 mRNA levels are low;
however, in the mural granulosa cells of preovulatory
follicles of 20-day-old eCG-primed mice, KL-1 mRNA lev-
els are high, with a smaller increase in KL-2 mRNA. An
increase in the ratio of KL-1 to KL-2 mRNA is also evident
s of reproduction in any form reserved.
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345Oocyte Regulation of Kit Ligand Expressionin cumulus cells of preovulatory follicles; however, both
KL-1 and KL-2 mRNA levels are lower in cumulus than
mural granulosa cells.
Regulation of Steady-State KL mRNA Expression
in Preantral Follicles
The ability of partly grown oocytes to regulate steady-
state KL mRNA expression levels in the granulosa cells of
preantral follicles was evaluated by culturing oocytecto-
mized PAGOC from 12-day-old mice with partly grown
oocytes isolated from mice of the same age (Fig. 2a). In the
same experiment, the effect of oocytectomy on KL mRNA
levels was tested by including a treatment group composed
of intact PAGOC. Following culture, significantly higher
KL-1 and KL-2 mRNA levels were observed in oocytecto-
mized PAGOC co-cultured with partly grown oocytes than
in oocytectomized PAGOC cultured alone, suggesting that
FIG. 1. Steady-state levels of expression of KL-1 and KL-2 mRNA
in granulosa cells isolated from follicles at different stages of
development. Granulosa cells from preantral, early antral, midan-
tral, and late antral follicles were isolated from 12-, 15-, 18-, and
20-day-old mice, respectively. Mural granulosa and cumulus cells
from preovulatory follicles were isolated from 20-day-old mice
primed with 5 IU eCG 44–48 h earlier. (Top) Fuji Phosphorimage of
KL and RPL19 protected RNA–RNA hybrids following RNase
protection assay and electrophoretic separation. (Bottom) Quanti-
fied KL-1 (filled bars) and KL-2 (unfilled bars) mRNA steady-state
levels after adjusting for differences in the quantity of RNA among
samples using RPL-19. A representative assay run is shown; how-
ever, the survey was repeated four times with similar results.growing oocytes up-regulate the steady-state expression of
both KL transcripts in preantral granulosa cells. Compari-
p
m
Copyright © 1999 by Academic Press. All righton of oocytectomized and intact PAGOC revealed that
ocytectomy resulted in a small but significant reduction in
L-2 mRNA and had no effect on KL-1 mRNA, suggesting
hat granulosa cells at this stage of differentiation either
how a high constitutive level of KL mRNA steady-state
xpression or that residual steady-state KL mRNA
xpression-promoting effects of the oocyte are maintained
hroughout the culture period following oocytectomy. The
atio of KL-1 to KL-2 mRNA in intact PAGOC was lower
han that found in oocytectomized PAGOC either with or
ithout co-culture with oocytes.
In the next experiment, the ability of fully grown oocytes
o regulate steady-state KL mRNA expression levels in the
ranulosa cells of preantral follicles was tested (Fig. 2b). The
esults indicate that fully grown oocytes dramatically re-
uce the levels of both KL-1 and KL-2 mRNA when co-
ultured with oocytectomized PAGOC. Furthermore, the
atio of KL-1 to KL-2 mRNA was increased by this co-
ulture treatment, indicating that steady-state levels of
L-1 and KL-2 mRNA in oocytectomized PAGOC can be
ifferentially regulated by fully grown oocytes. In order to
etermine whether the effect of fully grown oocytes was
eversible, oocytectomized PAGOC were cultured with
ully grown oocytes for 24 h and then without fully grown
ocytes for a further 24 h. After this further culture period
L-1 and KL-2 mRNA levels were intermediate between
hat of PAGOC cultured with fully grown oocytes for 24 h
nd that of PAGOC cultured alone for 24 h, indicating that
he effect of fully grown oocytes is at least partially revers-
ble (data not shown).
Since KL mRNA levels in preantral granulosa cells in
onolayer can be stimulated by dibutyryl cyclic AMP
Packer et al., 1994), and granulosa cells at this stage of
evelopment express functional FSH receptors (O’Shaugh-
essy et al., 1994), the effect of FSH on KL-1 and KL-2
RNA steady-state expression was tested in order to deter-
ine whether this gonadotrophin can regulate KL mRNA
evels in oocytectomized PAGOC (Fig. 3a). An FSH concen-
ration of 0.025 IU/ml maximally increased both KL-1 and
L-2 mRNA levels with no evidence of differential regula-
ion, indicating that steady-state expression of the KL
ranscripts by granulosa cells is jointly up-regulated by FSH
n vitro. In order to examine possible interaction between
he action of oocytes and the action of FSH on KL mRNA
evels in preantral granulosa cells, the effect of partly and
ully grown oocytes on FSH-treated (0.025 IU/ml) oocytec-
omized PAGOC was evaluated (Fig. 3b). The action of fully
rown oocytes was similar to that found in oocytectomized
AGOC without FSH stimulation, i.e., suppression of both
L-1 and KL-2 mRNA levels with an increase in the KL-1 to
L-2 mRNA ratio. However, partly grown oocytes in the
resence of FSH reduced, by a small but statistically signifi-
ant amount, the levels of both KL-1 and KL-2. Combined
ith the finding that, in the absence of FSH treatment,
artly grown oocytes increased steady-state levels of KL
RNA, these results suggest that the nature of the action of
s of reproduction in any form reserved.
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346 Joyce et al.partly grown oocytes on steady-state KL mRNA expression
is dependent on the level of KL mRNA stimulated by FSH.
Regulation of Steady-State KL mRNA Expression
in Mural Granulosa Cells of Antral Follicles
Fully grown oocytes had a clear suppressive effect on the
steady-state KL mRNA level in oocytectomized PAGOC
culture; however, results from this culture model may not
reflect the role of fully grown oocytes in vivo since the two
components of the co-culture were derived from follicles at
different stages of maturity. The next series of experiments
therefore used mural granulosa cells derived from 20-day-
old unprimed mice in order to examine the regulation of KL
mRNA levels in granulosa cells at a stage of differentiation
that is more physiologically relevant to the developmental
stage reached by fully grown oocytes. The initial aim of
these experiments was to elevate steady-state KL mRNA
expression levels in mural granulosa cells from antral
follicles in order to mimic the increased levels of KL mRNA
observed in the preovulatory follicles of eCG-primed mice
FIG. 2. The effect of partly grown and fully grown oocytes on the
omplexes (KL-1, solid bars; KL-2, unfilled bars; KL-1 to KL-2 ratio
ean KL mRNA levels for each replicate were equal to 1. Data for
herefore do not represent the ratio of the KL-1 and KL-2 values s
ere cultured intact or oocytectomized (Oox) and co-cultured wit
oocytes. Preantral granulosa–oocyte complexes were cultured inta
oocytes/ml culture medium. Values are expressed as the mean 6 SE
(P , 0.05, at least).(Fig. 1). Unlike with oocytectomized PAGOC, FSH had no
effect on KL mRNA levels in the mural granulosa cell
s
g
Copyright © 1999 by Academic Press. All rightulture system. However, the theca-derived factors KGF
nd HGF have been implicated in stimulating KL mRNA
xpression in bovine granulosa cells (Parrot and Skinner,
998). Therefore, these two growth factors, as well as EGF
nd testosterone, which have previously been shown to
egulate granulosa cell function (Hattori et al., 1995; Tet-
uka and Hillier, 1996), were assessed for their efficacy in
timulating KL mRNA steady-state expression in mouse
ural granulosa cells. Of these, KGF (50 ng/ml), HGF
5–500 ng/ml), and EGF (10 ng/ml) had little or no effect on
teady-state KL mRNA levels, either in combination with
.025 IU/ml FSH or alone. However, testosterone (1 ng/ml)
ignificantly increased both KL-1 and KL-2 mRNA levels
Fig. 4a). FSH (0.025 IU/ml) further augmented the stimu-
atory action of testosterone on the steady-state levels of
L-1 and KL-2 mRNA, with 1 ng/ml testosterone combined
ith FSH maximally increasing KL mRNA levels (see Fig.
b).
This maximally stimulating combination of testosterone
lus FSH was used to assess whether the suppressive action
f fully grown oocytes on steady-state KL mRNA expres-
y-state KL mRNA expression levels in preantral granulosa–oocyte
y bars). Data for individual replicates were normalized so that the
atio of KL-1 to KL-2 were computed before this normalization and
. (a) Partly grown oocytes. Preantral granulosa–oocyte complexes
2, or 4 partly grown oocytes/ml culture medium. (b) Fully grown
oocytectomized (Oox) and co-cultured with 0, 1, or 2 fully grown
bcWithin a series, bars without common letters differ significantlystead
, gra
the r
hown
h 0,
ct orion by oocytectomized PAGOC was also evident in mural
ranulosa cell culture (Fig. 5a). The results show that, in
s of reproduction in any form reserved.
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347Oocyte Regulation of Kit Ligand Expressionthis system, fully grown oocytes have no effect on KL-1
mRNA levels, but significantly decrease KL-2 mRNA lev-
els, albeit to a lesser degree in percentage terms than found
with the PAGOC culture system (percentage reduction in
KL-2 mRNA in granulosa cells co-cultured with 2 fully
grown oocytes/ml compared to control: PAGOC, 84%;
PAGOC plus FSH, 91%; mural granulosa plus T/FSH, 36%).
This suggests that although fully grown oocytes maintain
the ability to differentially regulate KL mRNA levels in
mural granulosa cell culture, mural granulosa cells are less
responsive than preantral granulosa cells to the action of
fully grown oocytes on steady-state KL mRNA expression.
Regulation of Steady-State KL mRNA Expression
in Cumulus Cells
Due to the large number of COC required and the
complexity of the microsurgical procedure used to oocytec-
tomize COC, studies on the regulation of KL mRNA levels
in cumulus cells were limited to two simple experiments
FIG. 3. The effect of FSH and FSH plus oocytes on steady-state KL
complexes (KL-1, solid bars; KL-2, unfilled bars; KL-1 to KL-2 ratio
mean KL mRNA levels for each replicate were equal to 1. Data for
therefore do not represent the ratio of the KL-1 and KL-2 values sho
cultured in the presence of 0–0.25 IU/ml FSH. (b) FSH plus oocytes.
with 4 partly grown (PG) oocytes/ml culture medium, or with 2 fu
mean 6 SEM. abcWithin a series, bars without common letters diff(each independently replicated three times). In the first
experiment, steady-state KL mRNA expression by intact
Copyright © 1999 by Academic Press. All rightnd oocytectomized COC was compared; in the second
xperiment the effect of co-culturing oocytectomized COC
ith fully grown oocytes was tested. All cultures included
.0 ng/ml testosterone plus 0.0025 IU/ml FSH. The concen-
ration of FSH was lower than that used to stimulate mural
ranulosa cells in order to minimize the changes associated
ith FSH-stimulated cumulus expansion. KL-1 and KL-2
RNA levels were higher in oocytectomized COC than in
ntact COC or COC co-cultured with fully grown oocytes
Fig. 5b). These results indicate that in cumulus cells as in
AGOC, but not mural granulosa cells, fully grown oocytes
re able to suppress steady-state levels of both KL-1 and
L-2 mRNA.
DISCUSSION
A summary of the experimental results is shown in Table
1. The results indicate that the oocyte exerts a high degree
of control over its immediate somatic cell environment,
A expression levels in oocytectomized preantral granulosa–oocyte
y bars). Data for individual replicates were normalized so that the
atio of KL-1 to KL-2 were computed before this normalization and
(a) FSH dose response. Preantral granulosa–oocyte complexes were
tectomized complexes were cultured with 0.025 IU/ml FSH alone,
own (FG) oocytes/ml culture medium. Values are expressed as the
gnificantly (P , 0.05, at least).mRN
, gra
the r
wn.
Oocybeing able, despite the activity of non-oocyte-derived regu-
latory factors, to promote a level of KL mRNA steady-state
s of reproduction in any form reserved.
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348 Joyce et al.expression by granulosa cells in a way that is characteristic
of the developmental stage of the oocyte. However, the
results also suggest that during the process of follicle
growth and development, the influence of the oocyte over
the mural granulosa cell layer becomes restricted, in part
due to the differentiation of mural granulosa cells into a
phenotype that is less sensitive to control from the oocyte.
Two core pieces of evidence indicate that oocytes are able
to direct granulosa cell steady-state KL mRNA expression
toward a level that is dependent on the developmental stage
of the oocyte. First, it was shown that partly grown oocytes
increase, while fully grown oocytes decrease KL mRNA
levels in preantral granulosa cell complexes in the absence
of FSH. Oocytes at different stages of development are
therefore able to both positively and negatively control KL
mRNA levels in granulosa cells at the same stage of
differentiation. Second, it was shown that partly grown
oocytes decrease KL mRNA levels when co-cultured with
preantral granulosa cell complexes in which the steady-
state KL mRNA expression is elevated by FSH treatment.
Therefore partly grown oocytes either increase or decrease
FIG. 4. The effect of testosterone and testosterone plus FSH on st
solid bars; KL-2, unfilled bars; KL-1 to KL-2 ratio, gray bars). Data
levels for each replicate were equal to 1. Data for the ratio of KL-1
represent the ratio of the KL-1 and KL-2 values shown. (a) Testoster
of 0–10 ng/ml testosterone. (b) Testosterone plus FSH. Mural granu
ng/ml testosterone plus 0.025 IU/ml FSH. Values are expressed as t
significantly (P , 0.05, at least).KL mRNA levels depending on the prevailing steady-state
level of KL mRNA expression exhibited by the granulosa
o
w
Copyright © 1999 by Academic Press. All rightells. Overall, these results strongly support the argument
hat oocytes promote a steady-state level of KL mRNA
xpression by granulosa cells that is characteristic of the
tage of development of the oocyte.
The foregoing conclusion is supported by results from the
urvey of follicular KL mRNA levels in the current study, as
ell as those from in situ localization (Manova et al., 1993;
otro and Bernstein, 1993). Evidence from these studies
hows KL mRNA levels to be high in preantral relative to
ntral follicles and considerably lower in cumulus com-
ared to mural granulosa cells in preovulatory follicles in
ice. Results from the current study in vitro indicate that
he high KL mRNA levels found in granulosa cells from
reantral follicles are likely to be the result of a dynamic
nteraction between the degree of FSH stimulation and
egulation by the growing oocyte. It is therefore difficult to
stimate the relative importance of the oocyte, FSH, and
otentially other factors in determining the steady-state
evel of KL mRNA expression in preantral follicles in vivo.
owever, the current data strongly suggest the existence of
idirectional communication between the partly grown
-state KL mRNA expression levels in mural granulosa cells (KL-1,
dividual replicates were normalized so that the mean KL mRNA
L-2 were computed before this normalization and therefore do not
dose response. Mural granulosa cells were cultured in the presence
cells were cultured alone, with 1.0 ng/ml testosterone, or with 1.0
ean 6 SEM. abcWithin a series, bars without common letters differeady
for in
to K
one
losaocyte and adjoining granulosa cells that, in combination
ith FSH, coordinately regulates KL mRNA levels in pre-
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349Oocyte Regulation of Kit Ligand Expressionantral follicles. In preovulatory follicles, on the other hand,
the low KL mRNA levels observed in cumulus, compared to
mural granulosa cells, fit well with the suppressive action
of fully grown oocytes on KL mRNA steady-state expres-
sion by preantral and cumulus granulosa cells in vitro.
These results strongly suggest that the oocyte plays a
dominant role in determining steady-state KL mRNA levels
in the cumulus cell compartment in vivo.
An apparent exception to the argument that oocytes are
able to direct granulosa cell KL mRNA levels in vivo is that
he mural granulosa cell layer develops high KL mRNA
evels in the preovulatory follicles of eCG-primed mice
espite the fact that the oocyte resident in such follicles is
ble to decrease KL mRNA levels in vitro. There are a
umber of possible reasons why the suppressive action of
ully grown oocytes on granulosa cell steady-state KL
RNA expression is not effective at preventing an increase
n KL mRNA levels in mural granulosa cells following eCG
FIG. 5. The effect of fully grown oocytes on steady-state KL mRN
bars; KL-2, unfilled bars; KL-1 to KL-2 ratio, gray bars). Data for in
for each replicate were equal to 1. Data for the ratio of KL-1 to KL-2
the ratio of the KL-1 and KL-2 values shown. (a) Mural granulosa c
IU/ml FSH, either with or without 2 fully grown oocytes/ml culture
f 1.0 ng/ml testosterone and 0.0025 IU/ml FSH. In the first experi
econd experiment, oocytectomized complexes were cultured wi
xpressed as the mean 6 SEM. abxyWithin a series, bars without coreatment in vivo. For instance, it has previously been
uggested that the suppressive action of oocytes on steady-
g
m
Copyright © 1999 by Academic Press. All righttate LH receptor mRNA expression may be limited to
umulus cells because the factor responsible is highly
abile, thereby restricting the range of activity within the
ollicle to the cumulus cell layer (Eppig et al., 1997). On the
ther hand, since oocytes were co-cultured with granulosa
ells, the possibility that the action of oocytes on steady-
tate KL mRNA expression is contact-mediated cannot be
ormally excluded. However, this possibility seems highly
nlikely given the very limited degree of contact that
ccurs between the denuded oocytes and the granulosa cells
uring culture. Another possibility is that mural granulosa
ells, because of their close contact with the basal lamina
nd the highly vascularized theca cell layer, are subject to a
igher level of regulation by factors derived from these
ources than are cumulus cells. Indeed, components of the
asal lamina promote the differentiation of the mural
ranulosa phenotype in culture (Amsterdam et al., 1989;
ppig et al., 1997; Furman et al., 1986). Furthermore, mural
pression levels in mural granulosa and cumulus cells (KL-1, solid
ual replicates were normalized so that the mean KL mRNA levels
computed before this normalization and therefore do not represent
were cultured in the presence of 1.0 ng/ml testosterone and 0.025
ium. (b) Cumulus–oocyte complexes were cultured in the presence
, complexes were either cultured intact or oocytectomized; in the
r without 2 fully grown oocytes/ml culture medium. Values are
n letters differ significantly (P , 0.05, at least).A ex
divid
were
ells
med
mentranulosa cell steady-state KL mRNA expression was pro-
oted by testosterone plus FSH in the current study,
s of reproduction in any form reserved.
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350 Joyce et al.highlighting the potential for endocrine and theca-derived
factors to be significant components of the mural granulosa
cell KL regulatory system.
Results from the current study also point to another
factor that may enable mural granulosa cell KL mRNA
levels to be high in preovulatory follicles despite the pres-
ence of a fully grown oocyte in vivo. When fully grown
oocytes were co-cultured with mural granulosa cells it was
shown that although steady-state KL-2 mRNA expression
was suppressed, there was no effect of co-culture on KL-1
mRNA levels. Furthermore, the suppressive action of fully
grown oocytes on the steady-state KL-2 mRNA expression
was considerably reduced in percentage terms compared
with the effect on KL-2 mRNA levels in either the preantral
granulosa cell or cumulus cell culture system. These find-
ings therefore indicate that the mural granulosa cell pheno-
type is less sensitive to control from the oocyte—
potentially explaining, at least in part, how KL mRNA
levels in mural granulosa cells are able to increase dramati-
cally following eCG treatment despite the suppressive
action of the resident fully grown oocyte.
The evidence discussed so far points to the oocyte playing
a major role in regulating granulosa cell KL mRNA levels in
preantral follicles and the cumulus cell compartment in
preovulatory follicles. However, another intriguing aspect
of the current work is evidence that steady-state KL-1 and
KL-2 mRNA expression is differentially regulated during
the process of follicle development. In this regard, compari-
son of follicles at different stages of maturity demonstrated
a dramatic change in the ratio of KL-1 to KL-2 expressed by
granulosa cells, with the KL-2 splice variant altering from
being a highly significant component of total KL mRNA in
TABLE 1
Summary of Experimental Results
Granulosa cell phenotype Treatment
Preantral
Cumulus
Oocytectomy
Oocytectomy
Preantral
Preantral
Partly grown oocytes
Partly grown oocytes 1
FSH
Preantral
Preantral
Mural granulosa
Cumulus
Fully grown oocytes
Fully grown oocytes 1 FSH
Fully grown oocytes
Fully grown oocytes
Preantral
Mural granulosa
Mural granulosa
Mural granulosa
FSH
FSH
Testosterone
Testosterone 1 FSH
Note. As per column heading: 1, increased steady-state mRNA
levels or ratio; 5, no change in mRNA levels or ratio.preantral and early antral follicles to a minor component of
total KL mRNA in preovulatory follicles. Regulation of the
r
c
Copyright © 1999 by Academic Press. All rightifferential expression levels of the two KL transcripts is
herefore likely to be an important component of the
egulation of KL mRNA levels during follicle development.
Two factors differentially regulated steady-state KL
RNA expression in the current report—oocytectomy of
AGOC and co-culture of granulosa cells with fully grown
ocytes. Oocytectomy of PAGOC resulted in a decrease in
he levels of KL-2 but not KL-1 mRNA, with the conse-
uent change in the ratio of KL-1 to KL-2 mRNA not
estored by co-culture with denuded partly grown oocytes.
hese results, combined with the fact that KL-2 mRNA
evels are high relative to KL-1 in preantral compared to
reovulatory follicles in vivo, suggest that contact-
ependent somatic/gametic interaction may be an impor-
ant factor in the regulation of the ratio of KL-1 to KL-2
RNA in preantral follicles. On the other hand, the change
n the ratio of KL-1 to KL-2 in oocytectomized PAGOC may
ave been due to a residual action of the oocyte following
ocytectomy that is prolonged in the case of KL-1 mRNA
ompared to KL-2 mRNA or may indicate that PAGOC
how higher constitutive steady-state levels of KL-1 than
L-2 mRNA.
In the case of fully grown oocytes, a consistent effect on
he relative levels of KL-1 and KL-2 mRNA was observed in
oth the preantral and the mural granulosa cell culture
ystems: co-culture with fully grown oocytes decreased
L-2 mRNA levels more than KL-1, leading to an increase
n the ratio of KL-1 to KL-2 mRNA. Although there was no
ffect of fully grown oocytes on the KL-1 to KL-2 mRNA
atio in cumulus cells, this parameter was variable in
elation to the three replicates undertaken in each experi-
ent. The possibility that the numerical increase in the
Figure KL-1 KL-2
KL-1:
KL-2
2a
5b
5
1
2
1
1
5
2a
3b
1
2
1
2
5
5
2b
3b
5a
5b
2
2
5
2
2
2
2
2
1
1
1
5
3a
—
4a
4b
1
5
1
1
1
5
1
1
5
5
5
5
ssion levels or ratio; 2, decreased steady-state mRNA expressionatio of KL-1 to KL-2 mRNA observed in cumulus cells
ultured in the presence of fully grown oocytes may, in fact,
s of reproduction in any form reserved.
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351Oocyte Regulation of Kit Ligand Expressionhave been a real effect cannot therefore be ruled out. The
change in the ratio of KL-1 to KL-2 mRNA induced by fully
grown oocytes in preantral and mural granulosa cells in
vitro reflects the increase in the ratio of KL transcripts that
occurs in granulosa cells from preovulatory follicles in vivo.
Therefore fully grown oocytes probably play an important
role in promoting the increase in the ratio of KL-1 to KL-2
mRNA steady-state levels that occurs in preovulatory fol-
licles.
Since steady-state KL mRNA expression in granulosa
cells at the same stage of differentiation can either be up- or
down-regulated by oocytes, it appears that control by oo-
cytes is mediated by at least two factors: one that increases
and the other that decreases KL mRNA levels. In addition,
evidence points to the possibility of a contact-dependent
factor produced by partly grown oocytes that regulates the
differential steady-state levels of KL mRNA in favor of KL-2
and a paracrine factor produced by fully grown oocytes that
regulates the differential steady-state expression of KL
mRNA in favor of KL-1. The identity of these factors is
more difficult to determine. One likely candidate, GDF-9, is
an oocyte-specific signaling peptide known to be expressed
in oocytes from primary follicles onward that has been
shown to be important during follicle development (Cara-
batsos et al., 1998; Dong et al., 1996; Hayashi et al., 1999;
McGrath et al., 1995). Indeed, the primary follicles of
DF-9-deficient mice display high levels of KL mRNA
ompared with wild-type mice, suggesting that GDF-9 may
ct to suppress steady-state KL mRNA expression in vivo
Elvin et al., 1999b). Further studies are required to evaluate
the role of GDF-9 as well as other factors in mediating the
action of oocytes on KL mRNA levels in granulosa cells.
Although the oocyte is probably a significant regulator of
KL mRNA levels in granulosa cells, it is also clear that
non-oocyte-derived factors play an important role in this
regulation. In particular, results from this study indicate
that FSH can increase KL mRNA levels in preantral granu-
losa cells and that testosterone can increase KL mRNA
levels in mural granulosa cells—an effect that is augmented
by FSH. That FSH increases steady-state KL mRNA expres-
sion in PAGOC is not surprising given that dibutyryl cyclic
AMP, a membrane permeable analog of the FSH second
messenger in granulosa cells, has previously been shown to
increase KL mRNA levels (Packer et al., 1994). However,
the finding that in mural granulosa cells FSH augments
testosterone-elevated steady-state KL mRNA levels but has
no effect alone indicates that the response of granulosa cells
to FSH in terms of KL mRNA expression is dependent on
the state of differentiation of these cells.
It is not possible to determine from the current study
whether the regulation of KL mRNA levels in mural granu-
losa cells by testosterone was a direct effect or an indirect,
estrogenic effect following the aromatization of this andro-
gen. However, the major source of androgens in follicles is
the thecal layer, providing an intriguing parallel to the
finding in bovine mural granulosa cells that KL mRNA
expression is stimulated by theca-derived KGF and HGF
Copyright © 1999 by Academic Press. All rightParrott and Skinner, 1998). Since KGF and HGF were
ithout effect on KL mRNA levels in the current study,
his indicates that intrafollicular regulation of KL is likely
o be species specific and that in the mouse, theca-derived
ndrogens and granulosa-derived KL may form a feedback
oop. The concept that theca-to-granulosa paracrine signal-
ng regulates KL mRNA levels is supported by in vivo
vidence that hCG and eCG treatments, but not FSH
reatment, increase KL mRNA levels in the large antral
ollicles of mice (Motro and Bernstein, 1993), suggesting
hat this change in mural granulosa KL mRNA levels is
riven by stimulation of the LH receptor in theca cells.
In conclusion, the results from the experiments reported
ere indicate that oocytes regulate KL mRNA levels in
ranulosa cells in a way that is dependent on the stage of
ocyte development, prevailing steady-state KL mRNA
xpression levels, and the state of differentiation of the
ranulosa cells. Furthermore, oocytes produce a factor(s)
hat differentially regulates KL-1 and KL-2 mRNA levels.
he changes induced by oocytes in vitro reflect the changes
n KL mRNA levels observed during follicle development in
ivo, strongly suggesting that oocytes play a major role in
romoting the dynamic changes in steady-state KL mRNA
xpression by granulosa cells that occurs during follicle
evelopment.
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